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At 37°C, the structure of poliovirus is dynamic, and internal polypeptides VP4 and N terminus of VP1 (residues 1 to 53) external-
ize reversibly. An Fab fragment of a monospecific antibody, which binds to residues 39 to 55 of VP1, was utilized to locate the N
termini of VP1 in native (160S) particles in this “breathing” state. Fab and virus were mixed and imaged via cryogenic electron
microscopy. The resulting reconstruction showed the capsid expands similarly to the irreversibly altered cell entry intermediate
(135S) particle, but the N terminus of VP1 is located near the 2-fold axes, instead of the “propeller tip” as in 135S particles.

The viral capsids of many nonenveloped viruses reversibly ex-
pose internal, unexposed amino acid sequences under physi-

ological conditions. This dynamic behavior is often termed
“breathing.” “Breathing” in nonenveloped viruses has been ob-
served for picornaviruses, e.g., poliovirus (21, 25), human rhino-
virus 14 (HRV14) (19, 20), HRV16 (19), swine vesicular disease
virus (16), and coxsackievirus (24); nodaviruses, e.g., Flock
House virus (3); tetraviruses, e.g., Nudaurelia � capensis and He-
licoverpa armigera stunt virus (4); bromoviruses, e.g., cowpea
chlorotic mottle virus (28); tombusviruses, e.g., tomato bushy
stunt virus (15, 29); and sobemoviruses, e.g., southern bean mo-
saic virus (23). Transient, reversible exposition of internal pro-
teins may be an important step for the cell entry process, especially
for conformational changes required to insert internal, hydropho-
bic, membrane-binding peptides into the membrane (10, 12, 17).
(This research was conducted by J. Lin in partial fulfillment of the
requirements for a Ph.D. from Brigham Young University, Provo,
UT, 2011.)

“Breathing” in poliovirus was first discovered when antibodies
to normally internal amino acid sequences, VP4 and N terminus
of VP1 (residues 1 to 53, [5]), were found to bind to native parti-
cles (21, 25). The studies suggested that capsid “breathing” repre-
sented large dynamic changes in virion structure at 37°C but not at
25°C. To study this purported structure and mark the exposed N
terminus of VP1, we utilized cryogenic electron microscopy
(cryo-EM) and three-dimensional (3D) image reconstruction to
observe the structure of viruses incubated at 37°C with an Fab of a
monospecific (polyclonal) antibody to the designated region
(13, 25).

Poliovirus 1/Mahoney was grown and purified as described
previously (7, 26). Fab was prepared from a preparation of affin-
ity-purified antisera targeted to amino acids 39 to 55 of poliovirus
type 1/Mahoney VP1 (25) by use of the ImmunoPure Fab prepa-
ration kit (Pierce, Rockford, IL). Solutions of native poliovirus
(sedimentation coefficient, 160S) and Fab were mixed at 37°C
with an Fab-to-virus ratio of 95:1 and incubated at 37°C for 2 h.

Frozen-hydrated specimens were prepared and imaged at 300
kV as described previously (27). An FEI Vitrobot (Hillsboro, OR)
was used to vitrify the poliovirus-Fab sample and keep it at 37°C
until it was plunged into liquid ethane. A 3D reconstruction was
computed by the model-based, iterative process described previ-
ously (22, 27), with previous reconstructions of native poliovirus
(sedimentation coefficient,160S) (D. M. Belnap et al., unpub-
lished data) and the cell entry intermediate (135S) particle (1) as

the starting models. Despite differences in the starting models,
the capsid structure, the Fab density location and volume, and the
center slice of the two resulting maps were nearly identical. In the
micrograph, some 160S particles appeared to have few or no Fab
bound (data not shown). A 160S poliovirus map (particles at
room temperature or lower before plunge freezing) (Belnap et al.,
unpublished) and the initial 160S-37°-Fab reconstruction served
as the starting models for multiple-model-based classification (11,
22). Each particle image was compared to a model projection from
each state. Selected particles had a minimum difference of 0.04 in
the correlation coefficient value between the correlation coeffi-
cients obtained from each form. Finally, 137 particles were se-
lected to reconstruct the structure of the 160S 37°C “breathing”
state with Fab bound (160S-37°-Fab) at 25-Å resolution.

Aggregation of particles was observed in cryo-EM micro-
graph. A cryo-EM micrograph of 160S (Fig. 1B) showed a rela-
tively smooth outer capsid surface. On the other hand, the
cryo-EM micrograph of 160S complexed with Fab incubated at
37°C for 2 h (Fig. 1A) showed that the capsid surface was not
smooth and contained additional densities, which indicates
bound Fab, externalized VP4, externalized N terminus of VP1, or
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FIG 1 Electron micrographs of frozen-hydrated poliovirus. (A) A complex of
160S and Fab to the 39to 55 residues of VP1 incubated at 37°C for 2 h. (B) 160S
particles. Bar � 30 nm.
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a combination of bound Fab and externalized polypeptide. These
particles were inclined to aggregate (Fig. 1A). Hydrophobic por-
tions of externalized peptides may cause the observed aggregation
(17). Only nonaggregated particles were picked to do the recon-
struction.

Exposed peptides in “breathing” structure are near the
2-fold axis. The density map of the 160S-Fab complex at 37°C
(Fig. 2A) shows considerable extra density near the 2-fold axes of
the particle (Fig. 2A and E), suggesting that the Fab-binding site—
and by inference the site of externalization of the N termini of VP1
in the “breathing state”—is at or near the 2-fold axes, far from the
receptor binding site at the “canyon” (2, 9). The Fab-binding site
indicates that, in the poliovirus “breathing” state, the N terminus
of VP1 is found at the 2-fold axis. This extra density is likely some
combination of Fab and the externalized peptides (VP4 and the N
terminus of VP1). But because of its structural rigidity and large
mass, the Fab is probably the major contributor to the observed
density. Because the Fab density does not show the full shape of an
Fab (Fig. 2A and E) (6), we infer that the epitope is flexible, bind-
ing regions of the monospecific (polyclonal) Fabs overlap, or both
(22).

The weak Fab density on the 160S-37°-Fab capsid is likely due
to the low occupancy of Fab on the capsid (Fig. 2A and E). The low
occupancy is consistent with (i) the observation that the antibody
used in this study showed a stronger binding affinity with 135S
and genome-released (80S) particles than with “breathing” 160S
particles (25) and (ii) the presence of Fab-free 160S particles in the
micrographs despite the high concentration of 160S and excess
Fab used during sample preparation. The weaker binding may
occur because of the reversible transient externalization of N ter-
minus of VP1 or the partial exposure of the peptide epitopes in the
160S “breathing” state.

Because 3D reconstructions are averages of the imaged parti-
cles, the relatively low resolution of the 160S-37°-Fab map sug-
gests that, in addition to multiple conformations of the Fab and its
epitope, multiple capsid conformations were averaged. At 37°C,
the “breathing” 160S particle likely has a dynamic structure be-
cause of the reversible externalization of the internal peptides.
Therefore, particles in the “breathing” state probably have multi-
ple conformations.

Comparison of reversible “breathing” and irreversible 160S-
to-135S changes. During cell entry, poliovirus receptor (CD155)
interacts with a 160S particle and induces the formation of the
intermediate 135S particle (7, 14). This transition includes the
irreversible externalization of VP4 and N terminus of VP1 from
the internal side of the capsid (7, 8, 14). Previous authors have
asked whether the reversible exposition of these same polypep-
tides during “breathing” is similar to the irreversible changes that
occur in the 160S-to-135S transition (12, 21).

The structure of the 160S-37°-Fab complex (Fig. 2B) differs
significantly from the 160S “room-temperature” structure (160S)

FIG 2 Structure of 160S-37°-Fab complex compared to 160S and 135S parti-
cles, viewed along a 2-fold symmetry axis. Surface representations of the 3D
structures of 160S-Fab complex at 37°C (A and B). 160S and Fab to the 39 to 55
residues of VP1 were incubated at 37°C for 2 h. 160S-37°-Fab complex recon-
structions at resolution 25 Å at contour levels of 0� (A) and 1.3� (B). Surface
representations of “room-temperature” 160S (C) (1) and 135S (D) (5) maps
are shown at contour level 0�. The 160S and 135S reconstructions were com-
puted from 123 and 137 particle images, respectively, to resolutions compara-
ble to that of the 160S-37°-Fab reconstruction. (The 137 135S particle images
were selected from a previously used 8,000-particle data set [5].) In panel C,
the layer of noise seen in the top view was removed in the bottom view. Cor-
responding central sections of the poliovirus 160S-37°-Fab complex (E), 160S
(F), and 135S (G) reconstructions. The sections are perpendicular to a 2-fold
symmetry axis. Fab densities are centered on 2-fold axes (white arrows). For
the 160S-37°-Fab structure (E), relative density was estimated by comparing
average densities computed from spheres (radius � 3 pixels) centered on the
designated spots (“Fab” and “capsid”). There the Fab contained �25% of the
density of the capsid, suggesting an Fab occupancy of approximately one-

fourth. For 135S (G), a similar calculation was made, but the “control” posi-
tion contained no positive density, indicating the absence of protein or nucleic
acid. Some symmetry axes are labeled. The markers perpendicular to each
symmetry axis, 5-fold (pentagon), 3-fold (triangle), and 2-fold (oval), show
the radius of the 160S structure. We note that differences in RNA structure
between the 160S-37°C-Fab (E) and 160S-25°C (F) states may reflect differ-
ences due to temperature rather than differences due to the changed position
of the N terminus of VP1. Scale bar for panels E, F, and G � 100 Å.
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(Fig. 2C) and is similar to but still different from the 135S struc-
ture (Fig. 2D). The shape of the RNA in the 160S-37°-Fab complex
appears more similar to that in the 135S particle than the RNA in
the 160S structure (Fig. 2E to G), and both Fab-trapped “breath-
ing” particles and 135S particles are expanded with respect to 160S
particles. However, comparison of central density slices of 160S-
37°-Fab, 160S, and 135S maps (Fig. 2E to G) shows that the 160S-
37°-Fab capsid is �8% larger than 160S and �5% larger than
135S at the 5-fold axis, nearly same as 160S and �3% smaller
than 135S at the 2-fold axis, and nearly same as 160S and 135S
at the 3-fold axis, demonstrating that the expansion in the
“breathing” state differs in details from that previously de-
scribed for 135S particles (1).

VP4 and the N terminus of VP1 were observed to externalize
from the internal poliovirus capsid in both the 160S “breathing”
and 160S-to-135S transitions (8, 21, 25). The expansion of the
capsid may facilitate externalization of the internal peptides (12)
in both processes. However, in the “breathing” state, the internal
polypeptides exit the capsid reversibly (21) (and are likely trapped
in the externalized state by bound Fab in the structure reported
here), whereas in the 160S-to-135S transition, an irreversible con-
formational change leads to permanent externalization. Addition-
ally, antiviral drugs block the formation of 135S poliovirus parti-
cles but not “breathing” (21). Moreover, the externalized N
terminus of VP1 is located in very different positions in the 135S
particle and in the “breathing” state. Thus, we have shown in this
study of the 160S-37°-Fab map (Fig. 2A) that the N terminus of
VP1 is near the 2-fold axis in the poliovirus “breathing” state. In
contrast, in the 135S cryo-EM model (5), residues 42 to 52 were
tentatively located at the canyon between the mesa and propeller
tip, and the V8-cleaved 135S (5) and 135S-Fab complex (with an
Fab that binds residues 24 to 40 of VP1) (22) showed that the N
terminus of VP1 is located at the propeller tip. Curiously, in com-
plexes of 80S “empty” particles (which have been shown to be
derived from 135S particles during infection or during heating at
50°C [8]) with an Fab against VP1 residues 24 to 40, the external-
ized N terminus of VP1 partitions between two sites, one at the
tips of the propellers (like the 135S particles) and the other near
the 2-fold axes (as in the “breathing state,” 160S-37°-Fab com-
plex) (22).

These observations suggest two models for externalization of
VP4 and the N terminus of VP1: (i) separate processes and exit
points or (ii) a two-stage, single-exit process. In both models, the
reversible and irreversible changes may involve temporary expan-
sion of the capsid beyond that observed for the metastable
“breathing” (Fig. 2) and 135S (1, 5) states.

In the first model, the different sites for the externalized VP1
peptide are consistent with two different exit channels and exter-
nalization mechanisms for “breathing” and the 160S-to-135S
transition. Thus, in the transformation to the 135S particle via the
poliovirus-receptor interaction (18) or by heating to 50°C (7), the
N terminus may be directed to a different exit site (i.e., canyon [5])
than that observed in the reversible exposure observed at 37°C
(Fig. 2). In this model, the exit of the N-terminal peptides via the
second site in the canyon but not the site at the 2-fold is inhibited
by the antiviral drugs at 37°C.

In the second model, the reversible (“breathing”) externaliza-
tion may represent only the beginning of the irreversible external-
ization process. The irreversible process (leading to the 135S par-
ticle) begins with “breathing” particles in which the N terminus of

VP1 is reversibly externalized from a unique exit site and placed
near the 2-fold axis. Structural changes induced by receptor bind-
ing (in vivo) or heating (in vitro) then irreversibly move the exter-
nalized peptide to the canyon by enlarging the exit hole or extend-
ing the peptide. In this model, antiviral drugs might inhibit either
the structural change allowing the peptide to move from the 2-fold
to the base of the canyon or the expansion of the hole and relax-
ation into the 135S form. Following or concurrent with RNA re-
lease, similar structural changes allow the peptides to move back
to the 2-fold axis (22).
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